This work describes the combination of photolithography and self-assembly methods for fabrication of 3D photonic crystals (PCs) with well-defined micron-scale line defects embedded in the PCs. Line defects with different dimensions, shapes, and compositions have been introduced into the 3D PCs by choosing different photoresists, masks, and template-directed assembly techniques. Infiltration of carbon using high-temperature chemical vapor deposition (CVD) technique showed that the fabrication procedure offers an ideal approach to functional 3D photonic devices from self-assembled photonic crystals.
Introduction
Photonic crystals (PCs, also known as photonic band gap materials) are the key materials that can manipulate photons in a similar way as semiconductors do for electrons [1, 2] . Many photonic devices require an exact placement of well-defined defects in the interior of a PC [3] . Thus, defect engineering has been a great research interest. While traditional "top-down" lithography techniques have been demonstrated for fabrication of PCs with defects, they are very time-consuming and expensive. On contrast, the self-assembly method is simple and cost-effective. Over the past decade, various self assembly methods have been shown for fabricating colloidal PCs [4] [5] [6] [7] . Particular efforts have been made at minimization of the presence of intrinsic defects such as dislocations and cracks to achieve a perfect colloidal crystal in large domains [8, 9] . In spite of the significance of extrinsic defects embedded in a PC, it has been a great challenge to insert the defects in self-assembled PCs [10] [11] [12] [13] [14] [15] .
In this paper we demonstrate a method of fabrication of 3D PCs with well-defined micron-scale line defects embedded using photolithography and self-assembly techniques. Line defects with different dimensions, shapes, and compositions have been introduced into the 3D PCs. Carbon infiltration using high-temperature chemical vapor deposition (CVD) into these colloidal crystals with embedded line defects has proven that the method described in the present work affords functional 3D photonic devices from self-assembled photonic crystals.
Experimental Section
The fabrication procedure is schematically illustrated in Fig. 1 . Monodisperse silica colloidal microspheres with a diameter of 0.39 μm, which were synthesized following the Stöber-Fink-Bohn method [16] , were assembled on a silicon substrate with a vertical deposition method [7] to form a colloidal crystal film. The silica opal film was slightly annealed at 450 ˚C for 3 h to enhance the mechanical integrity. After spin-coating of a layer of photoresist (either AZ P4620 or AZ 5214, Clariant Pte Ltd), conventional photolithography technique was used to construct a variety of linear strips (Route I) or channels (Route II) on the surface of the silica opal film. Upon further development of the photoresist, the sample was baked at 100 ˚C for 30 min. In the case of route II, spin-coating was employed to fabricate silica colloidal crystal using silica spheres of larger diameter within the linear channels. For an aqueous suspension with a concentration of 13.9 wt.%, a spinning speed of 450 RPM was used for the first 30 s, followed by a spinning speed of 3000 RPM for 10 s. After drying at room temperature, the photoresist around the silica guest opal strips was removed with ethanol or acetone. Subsequently, vertical deposition was carried out again to re-grow the host silica colloidal crystal using silica spheres of 0.39 μm in diameter, yielding a photoresist strip (Route I) or a 3D silica guest opal strip (Route II) embedded in the interior of the silica host opal. In the case of route I, the photoresist strip embedded was then removed by ethanol or acetone, leaving a silica colloidal crystal containing an air-core line defect within its interior. Then, the silica colloidal crystal with air-core line defects (Route I) or guest-opal line defects (Route II) was infiltrated with carbon by using a CVD system with benzene as the carbon precursor at a reaction temperature of 900 ˚C. Finally, the silica template was removed using a diluted hydrofluoric acid, leaving behind an inverse carbon opal containing micron-scale line defects embedded in its interior. Images were acquired using a filed-emission scanning electron microscopy (FESEM, JEOL JSM-6700F) and a scanning electron microscope (SEM, JEOL JSM-5600LV). 
Results and Discussion
The SEM images shown in Fig. 2 demonstrate the opals and inverse opals with line defects fabricated. Fig. 2a shows a silica colloidal crystal containing a photoresist strip in its interior as a line defect, fabricated following Route I. It is seen that the silica opal film possesses a face-centered cubic (fcc) close-packed structure with the (111) planes parallel to the substrate surface. In addition, it is hard to distinguish the interface between the original silica opal and the re-grown one, indicating a perfect periodicity of the 3D ordered structure inherited when the top layer of silica colloidal crystal grew on the surface of the original silica opal film. Fig. 2b shows the structure of the silica colloidal crystal after removal of the photoresist strip by using ethanol. A well-defined air-core line defect embedded in the interior of the silica colloidal crystal is clearly seen. The removal of the resist did not result in structure change, suggesting crystalline structure is stable.
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Nanoscience and Technology Fig. 2c shows the silica opal containing an air-core line defect after CVD infiltration of carbon. As can be seen, full infiltration was achieved. The well-defined air-core line defect as well as the ordering of the structure of the silica colloidal crystal was well maintained after thermal treatment at 900 ˚C, a temperature much higher than that was typically used in fabrication of high-refractive index semiconductor materials, such as Si (~ 550 ˚C) [17] using a CVD deposition process. During our CVD process, the carbon layer grew inward around the air-core area, leading to a decrease of the dimension of the line defect, which indicates that one may obtain a solid dielectric line defect by a multiple CVD process. Figure 2d shows a carbon inverse opal containing an air-core line defect obtained after removal of the silica template. After so many steps of processing, the well-defined line defect and the fcc lattice of the original silica opal structure were still preserved. It can also be observed that there is a cap-layer of carbon on the surface of the whole structure, which was formed during the CVD process. This layer can be presumably avoided by shortening CVD time. In the cases of fabrication of high-refractive-index materials such as III-V compounds, such unwanted layer can be removed by using a dry etching method like reactive ion etching (RIE).
Besides photoresist strip or air-core line defects, other micron-scale line defects of different compositions have also been successfully inserted into the interior of silica colloidal crystals. In these cases, linear channels instead of strips were constructed on the surface of the original silica colloidal crystal, as illustrated by Route II in Fig. 1 . These channels then were used as a template to direct self-assembly of colloidal microspheres of different sizes or compositions (guest opal) on the surface of the original silica colloidal crystal (host opal). The guest opal may be colloidal crystals from other materials, such as polystyrene (PS) or poly-methyl-methacrylate (PMMA), or the same colloidal crystal as the host opal of different sphere size. As an example, Figure 2e shows a silica host opal (0.39 μm in diameter) containing a silica guest opal (1.4 μm in diameter) strip as a line defect. The high degree of order of both the host and guest silica opals can be seen. Similarly, CVD infiltration of carbon and removal of silica template resulted in a corresponding inverse structure (Fig. 2f ). The width of the strips and channels is determined by the patterns of the mask, which can also be tuned during the mask fabrication process. Thus one can introduce line defects with different dimensions into a self-assembled photonic crystal for a variety of applications. In addition to the straight line defect, other complex defects such as S-bend, Y-branch, X-cross, and ring-like defects have also been introduced into the interior of the self-assembled photonic crystals. This was achieved during the pattern-defining step in the fabrication process. For examples, Figure 3a is the SEM image of a Y-branch photoresist strip patterned on the surface of a silica opal film while Figure 3b Y-branch channel as the template. Following the fabrication procedure presented in this work, many complex line defects have been embedded into the interior of self-assembled PCs.
Summary
In summary, an effective and simple method for engineering micron-scale line defects within 3D PCs has been demonstrated. The method combines the techniques of self-assembly of colloidal spheres, photolithography on a pre-formed colloidal crystal, template-directed colloidal crystal growth, and sequential growth of colloidal crystal. The method can be used to fabricate line defects embedded in a 3D PC with a full badgap [17] possess elaborate optical properties [18] for photonic applications as sharp waveguide, optical filter, and optical switch devices.
